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The molecular mechanism of transport mediated by LAT1, a sodium-independent
antiporter of large neutral amino acids, was investigated through in silico procedures,
specifically making reference to two transported substrates, tyrosine (Tyr) and leucine
methyl ester (LME), and to 3,5-diiodo-L-tyrosine (DIT), a well-known LAT1 inhibitor. Two
models of the transporter were built by comparative modeling, with LAT1 either in an
outward-facing (OF) or in an inward-facing (IF) conformation, based, respectively, on the
crystal structure of AdiC and of GadC. As frequently classic Molecular Dynamics (MD)
fails to monitor large-scale conformational transitions within a reasonable simulated time,
the OF structure was equilibrated for 150 ns then processed through targeted MD (tMD).
During this procedure, an elastic force pulled the OF structure to the IF structure and
induced, at the same time, substrates/inhibitor to move through the transport channel.
This elastic force was modulated by a spring constant (k) value; by decreasing its value
from 100 to 70, it was possible to comparatively account for the propensity for transport
of the three tested molecules. In line with our expectations, during the tMD simulations,
Tyr and LME behaved as substrates, moving down the transport channel, or most of it,
for all k values. On the contrary, DIT behaved as an inhibitor, being (almost) transported
across the channel only at the highest k value (100). During their transit through the
channel, Tyr and LME interacted with specific amino acids (first with Phe252 then with
Thr345, Arg348, Tyr259, and Phe262); this suggests that a primary as well as a putative
secondary gate may contribute to the transport of substrates. Quite on the opposite,
DIT appeared to establish only transient interactions with side chains lining the external
part of the transport channel. Our tMD simulations could thus efficiently discriminate
between two transported substrates and one inhibitor, and therefore can be proposed
as a benchmark for developing novel LAT1 inhibitors of pharmacological interest.
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INTRODUCTION
The L-type amino acid transporter 1 (LAT1, SLC7A5) is a ubiquitous Na+- and H+-independent
antiporter, involved in cellular uptake of essential amino acids. Being over-expressed in many
human cancers that are characterized by an increased demand of amino acids, it was recently
acknowledged as a novel target for cancer therapy (Haase et al., 2007; Napolitano et al.,
2017b). LAT1 is also expressed in the blood-brain barrier (BBB), where it allows the transit
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of essential amino acids and also of some drugs, including the
antiparkinson drug L-dopa and the anticonvulsant gabapentin
(Dickens et al., 2013; Scalise et al., 2018). Natural mutations
of LAT1 impair brain cells amino acid uptake and have been
linked to Autism Spectrum Disorder (ASD) (Ta˘rlungeanu et al.,
2016). For these reasons, much attention is currently devoted
to LAT1 transporter activity (Napolitano et al., 2017a,b; Scalise
et al., 2018), and to its inhibition, e.g., with 3,5-diiodo-L-tyrosine
(DIT), fenclonine, and acivicine (Geier et al., 2013; Schlessinger
et al., 2013).
Like other members of the amino-acid-polyamine-
organocation (APC) family (Napolitano et al., 2017a), LAT1
is characterized by 12 transmembrane α-helices, which can
be grouped in three different domains (Boudker and Verdon,
2010; Diallinas, 2014): α-helices 1–5 and 6–10 are involved in
the transport mechanism and have an antiparallel symmetry
in their secondary structures, while 11 and 12 are necessary
for the homo-dimerization of the transporter. The repetitive
symmetry of the first two domains gives to the α-helices a
discrete mobility within the cell membrane and defines the
binding site for transported substrates, in the middle of the
transport channel. This structural feature is defined “LeuT
fold,” from the name of the first crystallized transporter
belonging to the APC family (Krammer et al., 2016; Kazmier
et al., 2017). For LeuT fold proteins, a model of transport has
been proposed: in the initial phase of the process, the protein
lies in a “outward-facing” (OF) conformation and receives
the transported substrate in its binding site. The interaction
between protein and transported substrate promotes the gate
closure: this starts from the rotation of a specific conserved
aromatic amino acid (see below), which in turn leads to a
conformational change in the whole protein, promoting its
transition to an “inward-facing” (IF) conformation (Gao
et al., 2010; Krammer et al., 2016). Afterward, the substrate
is released by the transporter in the intracellular space
and the protein, with a new substrate to be brought to the
extracellular space, returns to its OF conformation, passing
through intermediate transitory occluded states, as shown in
Figure 1.
The details of this mechanism are not yet clarified, as
the few APC crystallographic structures so far resolved are
either in OF (AdiC, LeuT, and BetP) or in IF (Mhp1 and
GadC) conformations, and none is in a non-occluded/occluded
intermediate state (Singh et al., 2008; Weyand et al., 2008;
Quick et al., 2009; Ressl et al., 2009; Zhou et al., 2009; Gao
et al., 2010; Kroncke et al., 2010; Shimamura et al., 2010;
Kowalczyk et al., 2011; Perez et al., 2011; Ma et al., 2012;
Koshy et al., 2013; Simmons et al., 2014; Ilgü et al., 2016).
In this context, molecular modeling, based on comparative
modeling together with non-standard molecular dynamics (MD)
simulations, such as targeted molecular dynamics (tMD), steered
molecular dynamics (sMD) or meta-dynamics (MTD), has been
widely exploited to shed light on the APC transport mechanism.
For instance, in AdiC, an arginine/agmatine antiporter of E.
coli, the interactions between the transported substrate and
the side chains that define the transport channel have been
studied in depth, through non-standard molecular dynamics
FIGURE 1 | Leu T fold proposed model of transport. Red and green ovals
represent the substrates transported, respectively, from extracellular to
intracellular side and vice-versa.
simulations (Krammer et al., 2016), to identify the pivotal
residues in the process (Shaikh and Tajkhorshid, 2010; Cheng
and Bahar, 2013, 2014; Geier et al., 2013; Zhao and Noskov,
2013; Stolzenberg et al., 2015; Krammer et al., 2016; Chiu et al.,
2017).
For LAT1, a specific phenylalanine (Phe252) has been
proposed as the “upper gate,” since its closure is involved it the
transition from OF to IF.
Despite its biochemical and pharmacological interest, LAT1
structure has not been solved yet by crystallography. Some LAT1
comparative models have already been proposed, mostly based
on the crystallographic structure of AdiC in the OF conformation
(Dickens et al., 2013; Geier et al., 2013; Augustyn et al., 2016;
Colas et al., 2016; Napolitano et al., 2017a; Ilgü et al., 2018)
which covers both the open and closed LAT1 conformations.
However, since these models are all based on the only
available OF conformation of different AdiC crystallographic
structures, it is currently unknown which residues are actually
involved in the substrate transport when LAT1 is in its IF
conformation.
To overcome this limitation, in the present work we
performed 12 different tMD simulations, involving two
transported substrates, tyrosine (Tyr) and leucine methyl ester
(LME), and a transport inhibitor, 3,5-diiodo-L-tyrosine (DIT)
(Geier et al., 2013; Zur et al., 2016), and discussed our findings.
With this investigation, we meant: (i) identifying the key residues
for the transport along the whole channel, (ii) comparing the
transport mechanism of molecules characterized by opposite
functional effects on LAT1 and (iii) providing the first in
silico evidence of a LAT1 inner gate to guide further in vitro
experiments.
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MATERIALS AND METHODS
Comparative Modeling of LAT1
LAT1 comparative modeling was based on already published
multiple alignments (Napolitano et al., 2017a,b) of some
members of the APC superfamily, including three amino
acid/poly-amine antiporters [AdiC, CadB and PotE], one cationic
amino acid transporter (CAT) [CAT6], one amino acid/choline
transporter (ACT) [Uga4], one glutamate/GABA antiporter
(GGA) [GadC], LAT1 and LAT2 (see Supplementary Material).
Multiple alignment was carried out by the program Clustal
Omega (Li et al., 2015).
According to their crystallization state, the crystallographic
structures of AdiC (PDB ID: 3OB6), with Trp202 gate
residue in an open conformation, and GadC (PDB ID: 4DJI)
were selected as templates for modeling LAT1 OF and IF
conformations, respectively. Selected 3D structures were first
optimized and refined for further computational steps by
correcting crystallographic-related errors and/or by filling up
any unresolved residues (e.g., some amino acids in the GadC
C-terminus) through the MOE Structure Preparation Module of
the Molecular Operating Environment 2016.08 (MOE, Chemical
Computing Group, Montreal, Canada). Comparative models
were produced with the MOE Homology Model program
with default settings, using the Amber10:EHT force field.
Ten intermediate models were built and refined for each
LAT1 conformation. Final models were selected according
to the electrostatic solvation energy calculated with the
Generalized Born/Volume Integral (GB/VI) methodology. The
Ramachandran plot, the side chain packing, and the stereo
chemical quality of the selected structures were checked with the
MOE Protein Geometry module in order to verify that all these
parameters were consistent with typical values found in crystal
structures.
Molecular Dynamics Simulation
The Desmond Molecular Dynamics System (D. E. Shaw
Research, New York, NY, 2018, Schrödinger, New York, NY,
2018) system builder tool was used to place the OF LAT1
model into a POPC membrane bilayer. LAT1 orientation was
set up according to the OPM server (Lomize et al., 2012),
which provides spatial arrangements of membrane proteins with
respect to the hydrocarbon core of the lipid bilayer. The N-
and C-termini of the protein were capped. The system was
solvated with 10,174 TIP3P water molecules in a cubic box
with 90 Å edges; the exceeding positive charge was neutralized
by adding chloride ions; sodium chloride was added up to
0.1M concentration. The system was energy-minimized down
to a root mean square (RMS) gradient of 0.05 kcal/mol/Å2
using the MOE software, to relax the system and remove
clashes between protein, membrane and solvent in the new
setup.
To produce an equilibratedmodel of OF LAT1, the systemwas
submitted to a 150 nsmolecular dynamics simulation (MD) using
NAMD, prepared through the MOE graphical interface (Phillips
et al., 2005), under periodic boundary conditions (PBC). The
following parameters were set: 300K and Langevin thermostat
for temperature coupling, 1 bar and Nosé-Hoover Langevin
piston for pressure coupling, 2 fs as integration time step.
Coordinates and velocities of each atom were saved every 1 ps.
The Amber10:ETH force field with the reaction-field treatment
for electrostatics was applied in all the computational procedures.
Analyses of the trajectories were performed with the VMD tool
(Humphrey et al., 1996).
Targeted Molecular Dynamics Simulations
Targeted molecular dynamics (tMD) is a method to observe
large-scale transitions between two known end-point
conformations of a molecule, initial and final (target). To
this purpose, a restraint energy term is added to the total energy
of the system: frame-by-frame, each specified atom is subject
to a harmonic potential (i.e., a spring) that pulls it toward its
target position. The restraint energy term is assumed to be
proportional to the square the difference between (a) the RMSD
from instant to final coordinates and (b) the RMSD that there
would be from instant to final coordinates assuming a linear
transition between the initial and target coordinates. As with a
harmonic oscillator, a constant of proportionality k (i.e., spring
constant) expresses how strong is the force with which the
system is pulled toward its target coordinates (Schlitter et al.,
1994).
The LAT1 model coming from the equilibrating MD phase
was energy minimized and used as the starting state, whereas
the final state was generated by replacing the OF LAT1 model
embedded into the membrane with the IF model.
Transported substrates and inhibitor were added to the
systems at the top of the simulation box in the starting states,
aligning them along the Z-axis of the transport channel. The
solvent bulk was then energy-minimized down to a RMS gradient
of 0.05 kcal/mol/Å2, using the MOE software and keeping
protein, substrates/inhibitor and membrane atoms fixed.
To preserve the optimized atomic configuration coming from
the model based on AdiC structure, only the α-carbon positions
of LAT1 and the atoms of substrates/inhibitor were set as targeted
atoms to guide the OF/IF transition, while side chains were set as
freely moving.
A total of 12 different tMDs were performed, four with Tyr,
four with LME and four with DIT. Performed tMD simulations
and their identifiers are listed in Table 1. In detail, for each
investigated compound the same tMD simulations were carried
out under the following conditions: (i) spring constant k =
100 for 10 ns, (ii) sequential 5 ns-tMD with decreasing values
of k (k = 90, 80, and 70). The spring constant k controls the
magnitude of the elastic potential that pulls each atom toward
its final coordinates (Phillips et al., 2005). A schematic flowchart
of the in silico set up is shown in Figure 2.
The following parameters were set: 300K and Langevin
thermostat for temperature coupling, 1 bar and Nosé-Hoover
Langevin piston for pressure coupling, 2 fs as integration
time step. Coordinates and velocities of each atom were saved
every 0.5 ps. Amber10:ETH was set as force field for all tMD
simulations. All the tMD simulations were carried out using
NAMD and prepared through the MOE graphical interface
(Phillips et al., 2005).
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tMD Analyses
Aqua-Duct (v. 0.3.7 - http://www.aquaduct.pl) was used to
analyze the trajectories of the substrates/inhibitor across the
transporter. For our calculations, we tracked every molecule
passing through the LAT1 channel, defined as a spherical zone
of radius 6 Å, centered on residues Thr109, Val190, Asn273,
Leu385, and Phe451. All the trajectories were also analyzed
using GROMACS analysis tools, supported by the VMD plugins.
Trajectory time frames were clustered on the basis of Tyr,
LME, and DIT positions relative to the LAT1 transport channel
according to the simple linkage methodology. Reported data
TABLE 1 | tMD simulation identifiers.
Identifier Substrates/inhibitor Time length [ns] k
T1 Tyr 10 100
T2 Tyr 5 90
T3 Tyr 5 80
T4 Tyr 5 70
L1 LME 10 100
L2 LME 5 90
L3 LME 5 80
L4 LME 5 70
D1 DIT 10 100
D2 DIT 5 90
D3 DIT 5 80
D4 DIT 5 70
refer to the centroids of representative clusters. In order to
compute the contribution of individual residues to the total
interaction energy, a MOE svl script based on the interaction
force fingerprint (IFFP) was applied. This method partitions
the native force-field potentials and derives the residue-specific
interaction forces of the ligand-receptor complex characteristic of
hydrogen bonding, steric clashes, and other aspects of molecular
interactions. The sum of these forces per residue provides the
overall interaction of each single amino acid with the ligand
and allows to compute the total interaction energy associated
to the complex. It specifically works by subtracting non-bonded
interactions of the ligand with each amino acid residue and using
the resulting force vectors to describe the slope of the remaining
potential (Shadnia et al., 2009).
Molecular Docking Simulations
Resulting tMD trajectories were clustered, and the representative
conformations (i.e., centroids of representative clusters) were
used as LAT1 structures for molecular docking simulations (Jurik
et al., 2015; Colas et al., 2016).
The binding sites of representative conformations were
identified through the MOE Site Finder program. Molecular
docking simulations of both substrates and inhibitor were carried
out with the MOE Docking program with default settings, as
previously described (Galli et al., 2014). Briefly, a multi stage
docking framework was applied, according to the MOE Docking
algorithm, which includes conformational search, placement,
initial scoring, refinement and final scoring. The protein was
treated as a rigid body, while intermolecular bonds of docked
FIGURE 2 | Flowchart of in silico set up. LAT1 OF and IF models were built starting from AdiC and GadC crystal structures, respectively, via homology modeling. LAT1
OF model was equilibrated through a 150 ns MD simulation and then used as starting structure for all the tMD simulations. α-Carbons of LAT1 IF model were used as
targets for all the tMD simulations.
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compounds were allowed freely rotation to generate preferred
conformations prior to the placement stage. The Amber10:EHT
force field was applied for both protein and substrates/inhibitor
parametrization.
Depending upon the docking stage, docked compounds were
ranked according to two different empirical scoring functions
which provide an estimation of the free energy of binding (1G)
and include in their calculation, among others contributions,
solvation and entropy terms, or enthalpy terms based on polar
interaction energies. In detail, the London dG scoring function
and the forcefield-based GBVI/WSA 1G scoring function were
used for the initial and the final scoring of the docking poses,
respectively (Naïm et al., 2007; Labute, 2008). More negative
values of this parameter, expressed in kcal/mol, indicate a gain,
less negative values a worsening in affinity for the substrate (Sensi
et al., 2014; Platonova et al., 2017).
In silico Site-Directed Mutagenesis
Single point mutations were generated with the MOE Residue
Scanning tool; the selected residues were mutated to alanine.
To obtain more accurate results, the sites being mutated were
treated as flexible by applying a conformational samplingmethod
to both the target amino acid and the surrounding residues
and generating an ensemble of conformations. Then, for each
analyzed property of the protein ensemble monitored through
the conformational search (i.e., protein thermostability and
binding affinity for the substrate), average values were computed
using a Boltzmann distribution. In detail, the Low Mode MD
sampling method was selected for each in silico mutation to
generate 25 conformational ensembles and to sample interactions
between substrate and surrounding residues. To account for
the effect of mutation on Tyr transport, relative thermostability
(1Stability) and binding affinity (1Affinity), with respect to the
wild type LAT1, were computed as the Boltzmann average of the
relative stabilities/affinities of the ensemble.
The change in protein stability due to mutation was computed
through the MOE protein stability scoring function, trained
on over 3000 single point mutations taken from the FoldX
(Guerois et al., 2002) and PoPMuSiC-2.0 (Dehouck et al.,
2009) datasets. This method is based on the prediction of the
difference in stability (s) between the mutant and wild type in
the folded (f ) and unfolded (u) states of the protein, expressed as
11Gs,computed as follow:
11Gs = 1G
Mut
f −1G
WT
f = 1G
WT→Mut
sf −1G
WT→Mut
su
Accordingly, a model based on Linear Interaction Energy is
applied, in which 1G can be expressed as the change in the
residue environment interaction energy going from wild-type to
mutant, where the interaction energy is the change between the
energy of the protein and the energy of the protein without the
residue of interest.
The GBVI/WSA dG scoring function, an AMBER/GBVI-
based scoring function trained on 99 protein-ligand complexes
(Corbeil et al., 2012), was used to calculate the differences in
affinity for the transported solute substrate Tyr upon mutations.
More negative values of 1Stability and 1Affinity, expressed
in kcal/mol, indicate increased stability of the transported
structure and gain of affinity for the substrate. Conversely, more
positive/less negative values of both parameters indicate loss in
complex stability and worsening of affinity.
RESULTS AND DISCUSSION
OF and IF LAT1 Models
LAT1 comparative models were built from multiple alignments
of a set of transporters belonging to the APC family, as
previously described (Napolitano et al., 2017a) and reported
in Supplementary Material. Despite the existence of a binding
partner of LAT1, SLC3, most of the published wet transport data
have been obtained on themonomeric form of LAT1 (Napolitano
et al., 2017a), which was demonstrated to exert its activity
also in this form. For this reason, to characterize the transport
mechanism of LAT1, we focused only on its monomeric form.
In order to build LAT1 models in two different conformations,
the crystallographic structures of known APC transporters were
analyzed and compared by structural superposition.
Making reference to our sequence alignment (Napolitano
et al., 2017a), as reference structure to model LAT1 in its OF
conformation we selected AdiC, which, even with a sequence
identity of 21% and similarity of 34%, represents the most
suitable template available for modeling LAT1.
Membrane proteins are hard targets for structural biology due
to the intrinsic instability of their crystals. Despite the number
of solved structures has exponentially grown in the last few
years, comparative modeling is still the method of choice if
the unknown protein shares any significant sequence similarity
with an experimental structure. However, the identification
of topological fingerprints and sequence similarity networks
has proven useful for improving the accuracy of low- (<30%
sequence identity) or mid-range (<50%) comparative models
(Schlessinger et al., 2013). In this respect, as already done
for GPCRs (Isberg et al., 2016), also for some membrane
transporters a numbering scheme has been proposed, providing
common reference points within the topology, useful for guiding
homology modeling and structural comparison across the entire
family (Lee et al., 2016).
Among the few homologous transporters solved so far in
IF state, namely ApcT and GadC (Shaffer et al., 2009; Ma
et al., 2012), the latter shows a more clearly developed IF
conformation than ApcT. This conclusion is supported by
the higher RMSD values obtained when AdiC and GadC are
superposed by structural alignment (6.1 Å), compared to those
obtained by superposing AdiC and ApcT (4.9 Å). Moreover,
α-helix 1, which is involved in the conformational changes in
the transition from the OF to the IF state, is fully inward open
in GadC (Supplementary Figure 1). On this basis, despite the
low sequence identity, GadC was selected as the most suitable
template to model LAT1 in IF conformation. However, this
model was not used in any tMD simulations, but just to define
the reference final (target) position of the α-carbons.
Protein geometry has been checked for the two
crystallographic structures used as templates, and for the OF
Frontiers in Chemistry | www.frontiersin.org 5 August 2018 | Volume 6 | Article 350
Palazzolo et al. LAT1 Transport Mechanism
and IF models. The checked parameters are not significantly
different between experimental (Supplementary Figures 2A,B)
and computational structures (Supplementary Figures 2C,D).
The structural comparison between the two models allows
pointing out the regions with high mobility and the ones
less involved in conformational changes during the transport
cycle. The RMSD between OF and IF conformation amounts to
approximately 7.5 Å overall and is color coded on a residue-to-
residue basis in Figure 3A. In agreement with previous literature
data on homologous transporter structures (Krammer et al.,
2016), the α-helices 1, 4, 11, and 12 of our models show a high
RMSD value (average 6.5 Å) along their whole length; α-helices
2, 6, and 7 also show a high RMSD value (average 6.8 Å), but this
is associated to conformational rearrangements in only a portion
of their length, suggesting that the α-helices are involved to a
different extent in this structural transition.
Two different transport channel surfaces were identified in
OF (Figure 3B) and IF (Figure 3C) LAT1 models. In particular,
in the OF model the transport channel surface is open to
the extracellular side of the membrane; conversely, it is closed
in its lower portion, mainly by residues Tyr259, Thr345, and
Asn258 (Supplementary Figure 3A). On the other hand, the IF
structure has a well-defined channel, open to the intracellular
side of the membrane; the main residues that close the upper
portion of the channel are Ile147, Phe252, Ser143, and Phe69
(Supplementary Figure 3B).
To ensure the robustness of our procedure, the stability of
the OF model, used as reference structure for the following
steps, was carefully assessed via 150 ns of MD simulation. To
this end, the system was relaxed and the OF LAT1 structure
equilibrated in an explicit membrane bilayer. Besides protein
geometry quality validation, the general stability of the OF LAT1
model is also confirmed by the short-simulated time necessary
for the protein to reach a RMSD plateau, characterized by a value
(<3 Å) typical of stable proteins (Supplementary Figure 4).
As expected, the largest root mean square fluctuation (RMSF)
computed for the α-carbons is associated with the C-terminus
(residues 437-441), a typical protein end-effect. The extracellular
loops, residues 117-119 and 175-180, are associated to a RMSF
of approx. 4 Å. Conversely, α-helices RMSF is < 1 Å, suggesting
very low flexibility for the transmembrane barrel structure. Our
MD simulation thus suggests that the structure obtained from
this equilibration phase is stable and it is also equivalent to the
OF LAT1 structure already published in our previous works
(Napolitano et al., 2017a,b) in which we validate our OF LAT1
model via in vitro experiments.
For these reasons, the equilibrated OF LAT1 model represents
a suitable starting point for tMD simulations, supporting its use
as a reference structure to guide LAT1 from an OF to an IF
conformation.
Differences in Substrates and Inhibitor
Transport Mechanisms With k = 100
Frequently, classical MD simulations do not efficiently explore
the conformational space and fail to reproduce large functional
protein rearrangements. To bypass this limitation, tMD
simulations were carried out. To model the transition from OF
to IF LAT1 conformation within this protocol, the α-carbon
FIGURE 3 | RMSD between OF and IF LAT1 models, computed for the α-carbons. (A) shows per-residue RMSD along LAT1 primary and secondary structure. Red
corresponds to the maximal, green to the minimal RMSD values; LAT1 transport channel in OF and IF models are shown in (B,C); ribbons are colored as per RMSD
value.
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positions of the IF LAT1 model were taken as reference,
disregarding the side chains; this selection avoids any potential
issue connected with the use of a distant homologous template.
Accordingly, IF LAT1 model was never used in any of our tMD
simulations.
The use of different experimental setups in tMD allowed us
to discriminate the ability of the investigated compounds (Tyr,
LME and DIT) either to be transported or to inhibit LAT1
activity, as well as to capture the complete transition from OF
to IF resulting in the passage of substrates across the transport
channel.
In detail, a simulation at a the relatively high spring constant
value (k= 100 for 10 ns) was useful to assess the whole transport
cycle and to allow the passage of all substrates/inhibitor through
the LAT1 channel; decreasing k values (90, 80, 70, for 5 ns) were
set to identify the conditions at which transport is allowed or
blocked for substrates and inhibitor and to appreciate differences
in their transport mechanism (Table 1).
Supplementary Movie 1 shows the entire transport
simulation of the three compounds. Their paths during
the tMD simulations were traced and are reported in
Supplementary Figure 5. This analysis shows that, at the
highest spring constant value, Tyr, LME and DIT are able to
pass through the LAT1 transport channel, moving from the
extracellular to the intracellular side of the membrane.
In these simulations, RMSF values computed for LAT1 α-
carbons (Figure 4A) point out highly flexible regions, mainly
corresponding to α-helices 1, 4, 6, 7, and 9. α-helices 11 and 12,
required for LAT1 homo-dimerization (Napolitano et al., 2017a),
are associated instead with very low local flexibility in T1 and D1
simulations, while α-helix 11 shows an increased flexibility in L1
simulation. As already mentioned above, the C-terminus shows
the highest mobility.
Substrates/inhibitor path analysis does not provide any time-
dependent information on transport; for this reason, the Z-axes
distances between substrates/inhibitor and Arg141 were plotted
for the tMD simulations. Arg141 was selected as reference, since
it is placed in the middle of the transport channel, on α-helix 3,
which presents the lowest RMSD between the starting OF and
final IF structures. Arg141 itself is associated to the lowest RMSF
value, suggesting that this residue encounters minor changes
during OF→ IF transitions and thus represents a good reference
to trace substrates/inhibitor movements along the transport
channel.
Comparing protein RMSD (Figure 4B) with Arg141 distance
plots (Figure 4C), it appears that OF → IF LAT1 transition
(between 2 and 4 ns) occurs before the transit (from 5 ns) of
transported substrates/inhibitors close to the gate (Figures 3C).
These data suggest that transported substrates can be delivered
to the intracellular side only after the transporter structural
rearrangement starts taking place. Summing-up, these tMD
simulations, run in an artefactual setup (high spring constant),
demonstrate a faster transport for substrates than for DIT. As
shown in Figure 4C, Tyr and LME reach the binding site, near
the Phe252 gate, approx. 1 ns before DIT, and remain there for
2 ns. Afterwards, transported substrates move down the second
half of the transport channel, reaching the intracellular side in
approximately 8 ns. Conversely, DIT reaches the binding site
within 6 ns, stops there for about 2 ns, then exits very quickly
from the transport channel. The distance profile analysis lets us
hypothesize the existence of a second gate, other than Phe252,
as described in AdiC (Krammer et al., 2016), which blocks the
transport of the substrates until a suitable LAT1 rearrangement
occurs.
In order to identify this putative gate, a cluster analysis was
performed; results are reported in Table 2. Data discussed in
FIGURE 4 | Geometrical changes of LAT1 during 10 ns tMD simulations. (A) shows the superposition of RMS fluctuation for both dynamics, computed for the
α-carbons of LAT1; α-Helices are represented as red lines. (B) shows RMSD values over time for LAT1 during OF to IF transition in presence of Tyr, LME and DIT.
RMSD was computed for LAT1 α-carbons, substrates/inhibitor were excluded from RMSD calculation. (C) reports distances between Arg141 and substrates/inhibitor
during transport. Dots indicate the frames identified as clusters centroids.
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TABLE 2 | tMD clusters for simulations with k = 100.
tMD
identifier
Number of
clusters
Cluster
ID
%
Population
Substrates/inhibitor
placing
T1 (10 ns,
k = 100)
13 C1 23 Channel
C2 14.5 Extracellular side
C3 10 Intracellular side
L1 (10 ns,
k = 100)
20 C4 40 Extracellular side
C5 26 Channel
C6 20 Intracellular side
D1 (10 ns,
k = 100)
13 C7 35.5 Extracellular side
C8 28.5 Channel
C9 15.5 Intracellular side
detail in the text only refer to the centroids of the most populated
clusters.
In all the 10 ns tMD simulations with k= 100, the three main
clusters represent an initial, an intermediate and a final state of
the transport, in which substrates and the inhibitor are at the
extracellular side, buried in the channel and at the intracellular
side of LAT1 channel.
For T1 the most populated cluster is C1; observing Tyr
interactions with surrounding residues, it is possible to identify
a putative inner gate, composed of three amino acids: Phe262,
Arg348, and Thr345. Moreover, from IFFP, a total interaction
energy (Shadnia et al., 2009) of −9.4 kcal/mol is evaluated
(Table 3) and the relevant contribution from Phe262 Arg348, and
Thr345 is confirmed. As shown in Figure 5A, hydrogen bonds
are formed between the amino group of Tyr and the hydroxyl
group of Thr345, and a salt bridge between the carboxylic group
of Tyr and the basic group of Arg348.
To evaluate whether the interactions between Tyr and the
putative inner gate residues pointed out by tMD simulation
are relevant, we used molecular docking to sample Tyr binding
modes more accurately, using the Tyr coordinates reported in
C1 to address the binding site. We obtained five refined docking
poses of Tyr, which had an RMSD ranging from 0.1 to 1.3 Å when
compared to the Tyr binding mode observed in C1.
The top-scoring pose has an associated binding free energy of
−7.4 kcal/mol and overlaps with the tMD reference pose with
an RMSD value of 0.1 Å (Figure 5B), suggesting that C1 cluster
is representative of an energetically-stable conformation of both
substrate and transporter.
As already shown in our previous papers, a direct relationship
exists between dissociation constant (Ki) computed from binding
free energy on molecular docking poses and in vitro data. Indeed,
it has been reported that the accuracy of in silico estimated
Ki values is approx. one order of magnitude with respect
to the experimental values (Eberini et al., 2008; Galli et al.,
2014), implying that the accuracy of the binding free energy is
approximately 1.3 kcal/mol.
The contribution of each interacting residue to LAT1 model
stability and to its affinity for the substrate Tyr has been
TABLE 3 | Interaction force fingerprint for simulations with k = 100.
Cluster
ID
Total interaction
energy [kcal/mol]
Residues (Residue contribution
[kcal/mol])
C1
−9.4
Asp116 (−1.2), Tyr259 (−1.8), Phe262
(−2.6), Thr345 (−2.4), Arg348 (−2.7),
Leu349 (−1.6)
C5 −12.0 Thr71 (−5.0), Ser143 (−1.7), Tyr147
(−7.6), Ser249 (−2.0), Phe252 (−2.1),
Ala253 (−1.9), Phe402 (−2.9)
C8 −10.8 Tyr259 (−1.7) Phe262 (−2.0), Phe344
(−1.9), Thr345 (−2.9), Arg348 (−2.5)
TABLE 4 | In silico mutagenesis for C1 cluster. Mutations are sorted by
differences in protein stability contribution.
Mutations 1Affinity 1Stability
Y259Y, F262F, T345T, R348R 0.00 0.0
Y259Y, F262F, T345A, R348R 0.2 1.2
Y259A, F262F, T345T, R348R 0.1 1.5
Y259Y, F262F, T345T, R348A 0.4 1.6
Y259Y, F262A, T345T, R348R 0.2 2.0
Y259A, F262A, T345T, R348R 0.4 2.4
Y259A, F262A, T345A, R348R 0.5 2.5
Y259A, F262F, T345A, R348A 0.7 2.7
Y259Y, F262A, T345T, R348A 0.6 2.8
Y259Y, F262A, T345A, R348A 0.7 3.4
Y259A, F262A, T345T, R348A 0.6 3.5
Y259A, F262A, T345A, R348A 0.6 3.9
estimated, with respect to the wild type, upon in silico cumulative
mutations of each specified residue to alanine (Table 4). We
found that the mutation of a single residue weakly affects the
affinity for the transported substrate, whereas in cumulative
mutations Arg348 seems to be the most relevant residue, among
the investigated ones: the high 1Affinity value suggests that this
amino acid may play a pivotal role in the interaction with the
substrate.
Only bymutating Phe262,1Stability was appreciably affected,
showing an increase with the number of cumulative mutations.
When Phe262 and two or more other residues are simultaneously
mutated, the1Stability value is higher than 3 kcal/mol (Tokuriki
et al., 2008).
These site-directed mutagenesis results, even if limited by
their merely in silico nature, could be suggestive for further
in vitro experiments, aimed at validating the proposed LAT1
transport mechanism.
The same analysis was repeated for both L1 (LME) and D1
(DIT) tMDs (Table 3). In C5, LME is placed in proximity of
the outer gate where it establishes a Pi-stack interaction with
Tyr147 and forms a H-bond with Thr71 (Figures 5C,D). The
gating residue Phe252 also contributes to the total interaction
energy. In C8, it was possible to identify crucial interactions
between DIT, which is buried into the channel, and two residues,
Thr345 and Tyr259; according to IFFP these two residues
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FIGURE 5 | Cluster centroids for transported substrates and inhibitor. Tyr data in (A,B), LME in (C,D), DIT in (E,F). (A,C,E) report the ligand interaction diagram of
substrates with putative gating residues; (B) illustrates the conformation of C1-centroid and the superposition of C1 Tyr (orange) vs. Tyr molecular docking pose (light
blue); (D,F) show DIT and LME placement in representative clusters. LAT1 is shown in ribbon representation. Tyr, LME, and DIT as well as LAT1 side chains are in stick
representation.
provide the highest contribution to the total interaction energy.
Other residues, reported in Figures 5E,F, were recognized as
important for the total interaction energy. C3, C6, and C9
clusters, representative of the final intracellular localization of
transported substrates/inhibitor, and descriptive of the final states
of dynamics, were not extensively analyzed since no interactions
with LAT1 were observed.
In addition to the outer gate including Phe252, these tMD
simulations suggest the presence of a second putative inner gate,
located in the inward facing region of the transport channel; this
involves Thr345, which interacts with Tyr and DIT. Through
tMD it is possible to appreciate the different behavior of Tyr, LME
and DIT since the substrates and the inhibitor transit through
LAT1 with different timing.
Decreasing Spring Constant tMD
Simulations of Tyr, LME, and DIT transport by LAT1 were
repeated with k set at 90, 80, and 70 and results were processed
through cluster analysis and IFFP as described above; an
overview on the outcome is provided in Tables 5, 6.
An extensive analysis of all the tMD trajectories and substrate
paths (Supplementary Figure 5) shows that, as the spring
constant k decreases, Tyr slips into LAT1 at different depths. Only
in T2, Tyr completely crosses the membrane, exiting the LAT1
convex-hull. In T3, Tyr enters the transport channel, but does
not exit the LAT1 convex-hull, whereas, in T4, Tyr is blocked just
below the external gating region, Phe252. LAT1 rearrangements
from OF to IF conformation occurring in T2, T3, T4 tMDs are
shown in Supplementary Movies 2–4.
The initial position of Tyr in the simulated system is shown
in Figure 6.A. RMSD and RMSF plots (Figures 6B,C), for T2,
T3 and T4 tMD simulations, do not significantly differ. The
distance between Tyr and Arg141 was plotted as a function of
time for all the 5ns tMDs, in order to assess the time spent
by Tyr in the different regions of the LAT1 transport channel.
In Figure 6.D it is possible to distinguish some steps in which
Tyr is temporarily trapped, allowing us to hypothesize ongoing
protein rearrangements. Cluster analysis of Tyr position along
the LAT1 transport channel (Table 5) and IFFP assessment of
residue contribution to interaction (Table 6) show that in C11
Tyr takes contact with the previously identified residues, i.e.,
Thr345, Arg348. Under the weaker spring constant value Tyr259
turns out to be a key residue in the putative inner gate. Other
aromatic residues, Phe244 and Phe262, line the transport channel
and participate in interactions with transported substrates. Also
in this case, molecular docking simulations could reproduce the
Tyr binding mode within this specific cluster (not shown). We
obtained four refined docking poses of Tyr with an RMSD from
the C11 Tyr reference coordinates ranging from 0.2 to 1.8 Å, and
only one docking pose had an RMSD above the value of 2 Å, that
is taken as a cut-off to discriminate between different binding
modes (Poli et al., 2016). The top-scoring pose has a binding free
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TABLE 5 | tMD clusters for simulations with k < 100.
tMD
identifier
Number of
clusters
Cluster
ID
%
Population
Substrate/inhibitor
placing
T2 (5 ns,
k = 90)
11 C10 68.4 Extracellular side
C11 15 Channel
C12 8 Intracellular side
T3 (5 ns,
k = 80)
17 C13 57.6 Extracellular side
C14 14.4 Channel
C15 11.5 Channel
T4 (5 ns,
k = 70)
8 C16 79.4 Extracellular side
C17 10.4 Extracellular side
C18 3.6 Channel
L2 (5 ns,
k = 90)
6 C19 46 Extracellular side
C20 20 Intracellular side
C21 18 Channel
L3 (5 ns,
k = 80)
16 C22 40 Channel
C23 19 Channel
C24 14 Extracellular side
L4 (5 ns,
k = 70)
8 C25 64 Channel
C26 20 Extracellular side
C27 10 Extracellular side
D2 (5 ns,
k = 90)
13 C28 55.2 Extracellular side
C29 30.2 Channel
C30 8 Channel
D3 (5 ns,
k = 80)
3 C31 82 Extracellular side
C32 17.8 Channel
4 (5 ns,
k = 70)
5 C33 58.4 Extracellular side
C34 22.8 Extracellular side
C35 18.3 Extracellular side
energy of approx. −6.5 kcal/mol, associated with a RMSD of 0.2
Å, suggesting that the interaction mode between substrate and
transporter pointed out by tMD simulation can also be carefully
reproduced by molecular docking.
In C14, Tyr is close to Tyr259 and to Thr345, which are the
main residues contributing to the IFFP. Interestingly, Phe252 is
in an open conformation, whereas it is in a closed conformation
in C15. The most populated cluster in T4 is representative of
Tyr permanence in the extracellular side. C16 and C17 are
representative of the Brownian movements of Tyr in the upper
side, while C18 is representative of the last stage of the Tyr
path; in this cluster, Tyr interacts with Thr345 and Tyr259.
None of the 5 top-scoring poses obtained by docking simulation
could reproduce the Tyr position in C18, suggesting that C18
is a transitory conformation of Tyr::LAT1 complex during the
substrate transport.
TABLE 6 | Interaction force fingerprint for simulations with k < 100.
Cluster
ID
Total interaction
energy [kcal/mol]
Residues (Residue contribution
[kcal/mol])
C11 −13.3 Tyr259 (−1,7), Phe262 (−2.0), Phe344
(−1.9), Thr345 (−2.9), Arg348 (−2.5)
C14 −13.3 Tyr259 (−3.7), Thr345 (−1.4)
C15 −13.0 Gly114 (−1.0), Phe262 (−2.7), Arg348
(−3.6), Leu349 (−2.8), Val352 (−1.2)
C18
−9.0
Thr62 (−1.1), Ser143 (−2.2), Tyr146
(−1.8), Tyr259 (−6.6), Ser342 (−3.0),
Thr345 (−1.4)
C21 −8.3 Phe262 (−1.6), Thr345 (−2.9), Arg348
(−1.7), Leu349 (−1.5)
C22 −16.6 Val70 (−2.0), Thr71 (−1.5), Tyr147 (−1.4),
Ser249 (−1.6), Ser401 (−2.5), Asn404
(−1.2), Trp405 (−2.8)
C23 −10.9 Tyr259 (−4.2), Phe262 (−1.3), Thr345
(−1.8)
C25 −18.5 Gly67 (−1.9), Thr71 (−1.2), Ser249 (−1.6),
Phe252 (−3.3), Ala253 (−1.8), Asn404
(−1.9), Trp405 (−2.6)
C29 −11.1 Ile140 (−1.1), Ser96 (−1.3), Tyr259 (−1.8),
Gly294 (−1.7), Ser295 (−2.2)
C30 −11.4 Ile139 (−2.6), Ile140 (−4.7), Ser96 (−2.1),
Asn211 (−1.8), Tyr259 (−1.5), Ser342
(−1.6)
C32 −19.4 Thr71 (−2.3), Gly74 (−1.8), Tyr146 (−2.7),
Phe205 (−1.3), Ser354 (−1.3), Asn35
(−1.9), Trp358 (−2.2), Val36 (−1.1)
From the analysis of the LME trajectories, the substrate
reaches the intracellular space both in L2 and in L3. LME
transport across LAT1 is shown in Supplementary Movies 5–7.
The starting configuration of LMEwithin the simulated system in
tMDs is shown in Figure 7A. L2 and L3 have similar RMSD and
RMSF profiles (Figures 7B,C), whereas in L4 LAT1 undergoes
a less marked conformational change. With decreasing k, LME
progresses with a linear path (L2) then takes a segmented track
to eventually stop near the putative inner gate as also shown by
the analysis of distances from Arg141 (Figure 7D). In C21 and
C23 the substrate is near the putative inner gate, establishing
interactions with Phe262 and Thr345. In C22 and C25, LME
is near the outer gate; Thr71, Asn404 and Trp405 contribute
significantly to the total interaction energy computed via IFFP.
The remaining clusters, instead, are representative of Brownian
motions.
The analysis of DIT path along LAT1 transport channel
(Supplementary Figure 5), shows that the inhibitor neither
reaches the intracellular side of the protein nor bypasses the
outer gate residue Phe252. In fact, as the spring constant k
decreases, DIT progressively fails to reach the deepest regions
along the channel: (i) at k = 90 (D2) it is unable to cross
the binding site, but bypasses the gate residue Phe252, (ii) at
k = 80 (D3) it stops above the outer gate Phe252, and (iii)
at k = 70 (D4) it remains in the extracellular domain, never
reaching the outer gate. LAT1 rearrangements from OF to IF
Frontiers in Chemistry | www.frontiersin.org 10 August 2018 | Volume 6 | Article 350
Palazzolo et al. LAT1 Transport Mechanism
FIGURE 6 | Geometrical changes of LAT1 during 5 ns tMD simulations of Tyr. (A) shows the starting position of Tyr in the tMD simulation with LAT1 OF structure into
the POPC bilayer membrane. (B) shows RMSD profiles vs. time for LAT1 during OF→ IF transitions. RMSD was computed for the α-carbons. (C) shows the RMSF
for the three dynamics, computed for α-carbons. α-Helices are represented as red lines. (D) shows distances between Arg141 and substrates molecules. The points
mark representative clusters.
FIGURE 7 | Geometrical changes of LAT1 during 5 ns tMD simulations of LME. (A) shows the starting position of LME in the tMD simulation with LAT1 OF structure
into the POPC bilayer membrane. (B) shows RMSD profiles vs. time for LAT1 during OF→ IF transitions. RMSD was computed for the α-carbons. (C) shows the
RMSF for the three dynamics, computed for α-carbons. α-Helices are represented as red lines. (D) shows distances between Arg141 and LME. The points mark
representative clusters.
conformation occurring in D2, D3, D4 tMDs and DIT paths
across LAT1 are shown in Supplementary Movies 8–10. The
starting configuration of DIT in tMDs is shown in Figure 8A.
The RMSD (Figure 8B) and RMSF profiles (Figure 8C) confirm
the same general behavior previously described for other tMD
simulations. In no case DIT passes through the channel,
reaching the intracellular side, in agreement with its known
inhibitory activity (Figure 8D). Varying the spring constant
value k, DIT stops near Arg141 for approximately 1 ns
(D2); then it remains in a putative outer binding site for
approximately 0.5 ns (D3), and finally it stops in the extracellular
side, never entering the transport channel of LAT1 for the
whole simulated time (D4). From cluster analysis, in D2, a
very populated cluster (C28, 93% of population) describes the
DIT Brownian motions in the extracellular side. A second
cluster, C29, describes the initial transport step, in which
DIT enters the binding site, near the outer gate Phe252,
and interacts with Ser401 and Lys77. Phe252 is exposed and
in an open configuration. C31 shows Brownian motions of
DIT in LAT1 extracellular side; C32 is representative of DIT
motions at the entrance of the transport channel, where
DIT interacts with Trp405 and Ser249. For D4, all clusters
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FIGURE 8 | Geometrical changes of LAT1 during 5 ns tMD simulations of DITs. (A) shows the starting position of LME in the tMD simulation with LAT1 OF structure
into the POPC bilayer membrane. (B) shows RMSD profiles vs. time for LAT1 during OF→ IF transitions. RMSD was computed for the α-carbons. (C) shows the
RMSF for three dynamics, computed for the α-carbons. α-helices are represented as red lines. (D) shows distances between Arg141 and DIT. The point mark the
representative clusters.
FIGURE 9 | (A) Full T1 MD simulation. LAT1 is in an intermediate conformation, while Tyr is 100 ps frame skipped. Three different clusters can be observed: the first in
the extracellular domain, near the inner gate (Phe252); the second in the transport channel, near Phe262; the third in the intracellular domain. These three clusters are
representative of the LAT1 transport mechanism. (B) Inner gating mechanism. Phe262 and Arg348 torsion during channel exiting by Tyr. LAT1 is in ribbon
representation; orange and green sticks correspond to different transport phases.
represent DIT Brownian motions in the extracellular side of the
membrane.
Taken together, data from D2-4 tMD suggest that DIT
inhibits LAT1 transport of amino acids with a competitive
mechanism based on a molecular recognition that occurs outside
the transport channel. Indeed, DIT may be recognized by LAT1
as a “fake substrate,” because of its similarity with the canonical
transported substrates, but it can establish interactions only
with LAT1 residues above Phe252 and external to the transport
channel, preventing the interaction with, and the transport of,
other substrates.
Transport Across LAT1
To summarize evidences collected via our in silico approach
(Figure 9.A), it is possible to recognize Phe252 as the key gating
residue in LAT1 outer region, as already described (Napolitano
et al., 2017a); it is also possible to identify a more extended
region around Phe262 that participates in the inner gating
mechanism. This region includes also Phe244, Tyr259, Thr345,
and Arg348. Phe262 closes the channel by steric hindrance,
preventing substrate exit, in synergy with Arg348 (Figure 9B).
Ser342, already proposed as a residue involved in LAT1
binding (Geier et al., 2013), is crucial in substrate docking prior
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to translocation, as demonstrated both in silico and in vitro
(Napolitano et al., 2017a).
To further support these findings, there is correspondence
between Phe252 in LAT1 and the gating residue Trp202 in
AdiC (Geier et al., 2013; Napolitano et al., 2017a). For other
transporters of the APC family the transport mechanism is
fully characterized: AdiC has a well-defined 2-gates mechanism
(Trp202 and Trp293) (Krammer et al., 2016), whereas LeuT
has a diffuse gating that involves more amino acids along the
transport channel (Zhao and Noskov, 2013). On the other
hand, Phe262 and the extended region around it, which could
represent a second aromatic gate, suggest that LAT1 transport
mechanism may be intermediate between those of AdiC and
LeuT. In addition, Tyr tMD simulations show that Tyr259 is the
residue contributing the largest energy to substrate interaction;
this residue appears to have a role in stabilizing the substrate
inside the channel.
Even though no experimental data on an inner gate are
currently available for LAT1, our in silico results provide a
first plausible description of its transport mechanism at an
atomistic level, and can guide further in vitro experiments to
confirm the role of the residues involved both in recognition and
translocation of the transported substrates or inhibitors.
Finally, we analyzed the paths of water molecules across
LAT1 channel through the whole simulation, for every tested
condition. Overall, multiple inlet and outlet clusters appear near
both channel entrances and the path analysis reveals that only
few water molecules cross the entire channel. Instead, most paths
link clusters on the same side of the protein and this is probably
due to a gating mechanism that prevents the passage across the
transport channel.
CONCLUSIONS
With our research, based on single continuous tMD simulations,
we propose, for the first time and at an atomistic level,
the characterization of residues involved in LAT1 transport
mechanism. The templates selected for modeling the OF and IF
LAT1 states are the most suitable so far available, and have been
extensively used in recent publications. Thanks to the application
of different spring constant (k) values for each tested molecule,
we identified a specific computational setup, through which
we could investigate the transport mechanism of well-known
transported substrates and inhibitor of LAT1. Even though the
LAT1 OF → IF transition is forced by tMD simulations, DIT
cannot pass through the LAT1 transport channel in specific
scenarios which allow Tyr and LME to pass through. Specifically,
decreasing k relaxed the transport mechanism, and enabled
differential behaviors for transported substrates vs. inhibitor.
With the use of an evolving constraint, tMD does not
sample an equilibrium ensemble, therefore not allowing to
compute equilibrium properties, such as free energy profiles
along the simulated processes. In addition, the presence of a
constraint may force the system to overcome very high energy
barriers. Despite these limitations, tMD is a very effective and
acknowledged approach for investigating transition mechanisms
(Ma et al., 2000; van der Vaart and Karplus, 2005; Ovchinnikov
and Karplus, 2012). In this perspective, tMD overcomes classical
MD methodologies, which are unable to capture large structural
rearrangements for an all-atoms system over a suitable time scale.
Our tMD simulations can discriminate between transported
substrates and inhibitors, and can be proposed for developing
novel inhibitors, useful for further pharmacological applications.
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